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How Do We Characterize & Understand a Material ? 

 
How are the atoms organized ? 

!  Do they form a crystal ? 
!  If so, what is the lattice ? 
! …  

 
Is it metallic or insulating ? 

!  What is the conductivity ? 
!  Is there an energy band gap ? 
!  If so, how big is it ? 
! …  

 
Does it reflect and/or absorb light ? 
 
… 

Theory Workshop, 11/5/2014 
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Materials Characteristics: All About Excitations 

 
Experiments probe materials by forcing them out of 

equilibrium & monitoring the response … 
 

 … Heat, beat, irradiate, … 
 
 
 
 
 
 
Theory: 

Predict fundamental excitations of materials 

Theory Workshop, 11/5/2014 

Focus(Today:(
Core(electrons(excited(by(XJrays(
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Outline 

 
 
Excited States: Whither-whence with DFT & post-DFT Methods 
 
 
 
Introduction to X-ray probes & Core-level excitations 
 
 
 
DFT-based approach to chemical shifts 

Theory Workshop, 11/5/2014 
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Independent Electron Model 
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Independent Electron Model: Silicon 
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Coulomb Interactions: DFT & Beyond 
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Ground(State:(Density(Func3onal(Theory(–(Total(Energy(

Powerful(tool(giving(access(to(a(broad(array(of(phenomena:(
(Equilibrium(structure(
(StressJstrain,(vibra3ons,(…,(Free(energy(
(Electronic(screening(
(Ab(ini3o(molecular(dynamics,(e.g.,(liquids(
(Other(response(func3ons,(e.g.,(nonJresonant(Raman(

(
(Clever(use(of(energy(differences((deriva3ves)(
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Coulomb Interactions: DFT & Beyond 

Theory Workshop, 11/5/2014 

IP = E(N-1) - E(N) 
Charged(excited(states:(Selected(cases(–((

(Ground(state(total(energy(difference((

Charged(excited(states:(General(cases(–((
(ManyJbody(theory,(e.g.,(GW(approach(

NonJlocal(
EJdependent(

Charged(excited(states:(Approximate(via(KohnJSham(equa3ons(–((
(Impact(of(hybrid(func3onals(

Theory(jus3fica3on(nonJrigorous:(Empirical(approach(
(
Useful(as(an(intermediateJcost(empirical(approxima3on:(
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Coulomb Interactions: DFT & Beyond 
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Example: Optical Absorption in Bulk Silicon 
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General Picture 
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Rehr+&+Albers,+RMP,+2000+
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Basic Picture: X-Ray Absorption 
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Example 
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Lee,+Citrin,+et+al.,++
RMP,+1981+
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NEXAFS: Chemical Information – Finger Print 
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J.G.+Chen,++Surf+Sci+Rep,+1997+
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Basic Picture: X-Ray Photoemission 
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Electron Spectroscopy for Chemical Anaylysis (ESCA) 
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Kai(M.(Siegbahn"
Uppsala"University,"Uppsala,"Sweden"
1981(Nobel(Prize((1/2):""
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Initial State Picture 
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Example: CClnH4-n 
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Saethre,"Borve,"and"Thomas,"J.+Elec.+Spec.+Rel.+Phen."183,"2,"2011"

XPS(Measurements:(C(1s(Binding(Energy*(
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Final State Effects: Core-hole Induced Response  
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Example: Silicon vs SiO2 
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Impact Final State Relaxation for Si(100):SiO2 
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Ini3al(only(

Ini3al(&(final(

Pasquarello,"Hybertsen"&"Car,+Phys.+Rev.+LeO."74,"1025,"1995;"
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Concluding Remarks 

X-ray absorption and Electron energy loss spectroscopy (similar cross 
sections) both probe empty electronic states providing chemical 
fingerprints that probe valence, bonding & phase changes 

 
X-ray photoemission maps local electrostatic potentials with shifts in 

core-level binding energy that probe valence and bonding 
 
DFT-based approaches can simulate core-level binding energy shifts 
 
Beyond-DFT tools required for the excited state spectra themselves 

Theory Workshop, 11/5/2014 
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Resources 

Review articles, Many-body Perturbation Theory – 
!  Hedin and Lundqvist, Solid State Physics, vol. 23, pp. 1-181, 1969 

�  Strong exposition of fundamentals; no optics / BSE;  
materials discussion dated & limited 

!  Aulbur, Jonsson and Wilkins, Solid State Physics, vol. 54, pp. 1-218, 2000 
�  Reviews fundamentals; discussion of computational issues c2000; 

no optics / BSE; diverse materials examples 
!  Onida, Reining and Rubio, Rev. Mod. Phys, vol. 74, pp. 601-659, 2002 

�  Includes both GW and BSE; includes TD-DFT;  
materials examples and exposition emphasize optics 

Review articles, Core-level studies – 
!  Nilsson & Pettersson, Surf. Sci. Rep. 55, 49, 2004 

�  Representative of use of DFT for chemical shifts and to approximate spectra 
!  Rehr, et al., Phys Chem Chem Phys 12, 5503, 2010  

�  Discusses “FEFF”, an approach to X-ray spectra; part of a themed issue 
related to X-ray spectra 

�  N.B.: Rehr and Pettersson are senior theorists developing codes and 
applications for interpreting X-ray spectra 

Theory Workshop, 11/5/2014 


